Wireless communications for the control of industrial equipments need to send a large amount of short packets frequently and to improve frame efficiency. The OFDM frame of wireless local area networks has short preambles that are used for timing synchronization and coarse frequency offset estimation. As the short preambles are repeated in a time domain, they occupies subcarriers intermittently. Therefore, in this paper, a new frame format with OFDM modulation in which data symbols are orthogonally multiplexed with the preamble symbols in the frequency domain is proposed. Two preamble sequences that are based on an IEEE802.11g short preamble sequence and a Zadoff-Chu sequence are examined. The ratio of transmission powers between the pilot subcarrier and the data subcarrier is also varied. The timing synchronization probability with those sequences has been evaluated on different channel models. It is shown through the experiment that the synchronization performance is almost the same as that without data multiplexing at E s /N 0 of more than 8 dB.
Introduction
Recently wireless communications for Machine-to-Machine (M2M) applications have been investigated [1] . M2M communications have various applications including environmental monitoring, public safety, health care, and so on. One of the applications for M2M wireless communications is industrial automation [2] .
Wireless communications for the control of industrial equipments need to frequently send a large amount of short packets and it is required to improve frame efficiency [3] . To realize high frame efficiency, the period of a preamble sequence that is used for the demodulation of a received signal has to be shorten [4] , [5] . However, it is hard for a random access system since the preamble is also used for the adjustment of analog circuits [6] .
On the other hand, M2M communications have various applications and they might be implemented in severe multipath environments with a large delay spread [7] . An orthogonal frequency division multiplexing (OFDM) scheme is robust to severe multipath channels. Accurate synchronization of the OFDM signal is required to prevent inter-carrier interference (ICI) and to improve demodulation performance [8] .
In order to shorten the preamble period and improve the frame efficiency, a new frame format in which data symbols are orthogonally multiplexed with the preambles in the frequency domain is proposed in this paper. Two types of preamble signals are proposed and their synchronization performance is evaluated. One is based on an IEEE802.11g short preamble sequence [9] . The frequency spectrum of the 11g short preamble has a margin at the channel edge to the spectrum mask specified in the IEEE802.11g standard. Another is based on a Zadoff-Chu sequence which has higher packet utilization efficiency than the IEEE802.11g short preamble. Ths frequency spectrum of the Zadoff-Chu sequence based preamble spans over the whole spectrum mask. Thus, it can carry more data symbols while the larger frequency interval of pilot subcarriers effects on the accuracy of channel estimation. The synchronization probability and the BER performance of the preambles multiplexed with data symbols are evaluated through the experiment in this paper. This paper is organized as follows. Our experiment system is explained in Sect. 2. Numerical results obtained through the experiment are shown in Sect. 3. Finally, conclusions are presented in Sect. 4 .
Notation: Throughout the paper, a variable expressed with a capital letter implies a quantity in a frequency domain while a variable represented with a small letter indicates a quantity in a frequency domain. Figure 1 illustrates a block diagram of the experiment system. The transmitter and the receiver are connected by a cable in this experiment system. An OFDM signal following the IEEE802.11g format is generated by the signal generator. Table 1 shows the specifications of measurement equipments. The received signal is downconverted and digitized in the Sora radio control board (RCB) that is a software defined radio platform [10] . The digital samples are stored in the memories on the personal computer (PC). The PC picks up the stored samples and carries out carrier detection continuously.
Experiment System

Measurement Setup
Transmit Signal
The specifications of the OFDM signal used for the experiment are shown in Table 2 [9] . The OFDM signal is generated with the clock speed of 20 MHz. The number of subcarriers used for the preamble and data signals is 52 while the size of the DFT is N=64. The bandwidth of the signal is 1/T s =20 MHz where T s is the sampling interval of the OFDM signal. The frequency response of the filter is shown in Fig. 2 . This filter follows the IEEE802.11g spectrum mask. It is assumed here that a half of the preamble period is used for the detection of a carrier signal as well as the adjustment of an RF front end and following analog circuits [12] . For simplicity, it is assumed that the adjustment process of the RF circuits is carried out during the first half of the preamble period and analog-to-digital (A/D) conversion starts from the last half of the preamble period that carries the data signal as well as the cyclic prefix.
Frame Format
Two types of the preamble sequence is employed in this paper. One is the short preamble sequence with the length of 16 points specified in the IEEE802.11g standard and another one is the Zadoff Chu sequence with the length of 8 points.
The whole preamble period is 160, the DFT size is 64, and the cyclic prefix size is 16. Thus, the preamble sequence is 
IEEE802.11g Short Preamble Based Frame
The short preamble sequence specified in the IEEE802.11g standard spans over 12 subcarriers with the interval of 4 subcarriers in the frequency domain. An example of the power spectrum density of the transmit signal with the IEEE802.11g short preamble sequence is shown in Fig. 4 . The ratio of the powers between the data subcarrier and the pilot subcarrier is 1:8 in this example. The notable thing of this sequence is that this sequence does not contain the frequency component at the channel edge even though it is repeated 4 times over one OFDM symbol duration. Thus, there is a margin between the edge of the signal spectrum and the spectrum mask. In this frame format, following the IEEE802.11g standard, 52 subcarriers including 12 pilot subcarriers and 40 data subcarriers are used for data transmission.
Zadoff-Chu Sequence Based Preamble
The Zadoff-Chu sequence is a complex-valued mathematical sequence which realizes an electromagnetic signal of constant amplitude [11] . The Zadoff-Chu sequence with the length of 8 points is repeated 8 times over one OFDM symbol duration in the time domain and it spans over 8 subcarriers with the interval of 8 subcarriers in the frequency domain. An example of the power spectrum density of the transmit signal with the Zadoff-Chu sequence is shown in Fig. 5 . The ratio of the powers between the data subcarrier and the pilot subcarrier is 1:8 in this example. The ZadoffChu sequence can be designed for any length. However, it can not be fit in the IEEE802.11a spectrum mask if the sequence length is longer. If the sequence length is shorter, the interval between the auto-correlation peaks reduces. On the other hand, the larger frequency interval of pilot subcarriers effects on the accuracy of channel estimation. Thus, in this experiment, the Zadoff-Chu sequence with the length of 8 points is employed for evaluation. Since the power spectrum of the transmit signal satisfies the spectrum mask, 56 subcarriers including 8 pilot subcarriers and 48 data subcarriers are used for data transmission.
OFDM Symbol
The OFDM symbols in the last half of the preamble period is expressed as follows. Suppose that the symbol on the kth
, is given as
where k is the subcarrier index, n (n= 0, ..., N − 1) is the time index, and N indicates the number of subcarriers. The preamble symbols are C times repeated over the OFDM symbol duration in the time domain. This implies that they are transmitted on every C subcarriers in the frequency domain. The subcarrier indexes for the preamble symbols are given as follows
where 2D is the number of the preamble symbols and is 12 or 8 and C is set to 4 or 8 for the 11g short preamble or the Zadoff-Chu sequence, respectively. The preamble symbols and the data symbols are multiplexed in the frequency domain as shown in Fig. 6 . It is orthogonally transmitted over the subcarriers of −26 ≤ k ≤ 26 for the 11g short preamble sequence or of −28 ≤ k ≤ 28 for the Zadoff-Chu sequence based preamble except k ∈ {k p } (preamble subcarriers) and k = 0 (DC subcarrier). If the cyclic prefix (CP) is applied to the symbol, the last part of the symbol is repeated at the beginning as follows.
where N c is the cyclic prefix duration and p t (t) is the impulse response of the transmit filter. The last half of the preamble symbols then consists of (N + N c ) samples given in Eq. (3). Finally, the filtered signal is transmitted in the 2.4 GHz band from the signal generator. As channel models an AWGN channel and indoor multipath fading channels are assumed and generated in the signal generator [13] . Two different multipath channels, Indoor Residential A and Indoor Office C, are assumed in the experiment. This is because the RMS delay of the wireless channels in the M2M applications spans from tens of nano seconds to 1 micro second [7] . The delay profiles of the Indoor Residential A model 
Signal Processing in Receiver
The block diagram of the receiver programmed on the PC is shown in Fig. 9 . After downconversion, the received signal is sampled at the rate of 40 MHz. The DC offset of the received signal is first removed and timing synchronization is carried out. The frequency offset of the received signal is estimated and removed with the preamble symbols. After downsampling, the OFDM signal passes through the DFT block. The data symbols multiplexed in the frequency domain is then demodulated after channel estimation and equalization on each subcarrier.
DC Offset Cancelation
The DC offset of the received signal,ô, is estimated with the following equation.
where y[n] is the nth sample of the received signal and M is the number of the samples available for averaging. The averaging is carried out every 512 samples, i.e. M = 512. DC offset cancelation can be carried out by subtractingô from the received samples as follows.
whereŷ[n] is the nth sample after DC offset cancelation.
Timing Synchronization
The timing synchronization scheme employs matched filtering to the preamble symbols [14] . The filter length is 5 short preamble symbol duration. The ith output of the correlator,
, is given as follows.
where s s [i] is the ith sample of the preamble symbols and N s is the length of one short preamble, i.e., N s = 32 for the 11g short preamble and N s = 16 for the Zadoff-Chu sequence based preamble with 2 times oversampling. The peak output of the matched filter is detected with the output of the correlator and then the synchronization timing is decided.
Frequency Offset Cancelation
A frequency offset is estimated with the last five short preamble symbols in which data symbols are multiplexed in the frequency domain. Matched filtering is applied to these short preambles and the frequency offset is estimated. The length of the matched filter is set to one OFDM symbol duration and two or four auto-correlation peaks for C = 4 or C = 8 appear at the outputs with the interval of N s samples.
The lth output of the correlator with the short preamble symbols can be expressed as
where the packet frame is assumed here to start from n=0. The estimation of the frequency offset, α s , is given as
In this way, the estimation of the frequency offset is obtained and tentative cancelation is carried out to the preamble symbols in which data symbols are multiplexed as follows.
whereỹ[n] is the nth received sample after the tentative cancelation of the frequency offset.
Channel Equalization and Demodulation
After DC offset cancelation, timing synchronization, and frequency offset compensation, the received signal is downsampled with the ratio of 2. Following the downsampling, those samples are put into the DFT block. The received signal after downsampling,ỹ[n], is given as follows.
The received signal on the kth subcarrier is obtained through the following equation,
where Z[k] is the received signal on the kth subcarrier. The channel estimation with the pilot subcarrier, k p , is carried out asĤ
whereĤ[k p ]is the channel response and S p [k p ] is the short preamble symbol on the k p th subcarrier, respectively. The channel responses between the k p th and (k p + C)th subcarriers are estimated by linear interpolation as follows.
Equation (12) only covers the subcarriers with the subcarrier indexes of 4 < |k| < C(D − 1) + 4 for −4 < k < +4, the channel responses are estimated by linear extrapolation. With the estimated channel response, the received symbols are equalized through a Zero-Forcing algorithm. The demodulated symbol on the kth subcarrier after channel equalization is given aŝ
whereŜ [k] is the data symbol on the kth subcarrier after channel equalization,Ĥ is the estimated channel response. Information bits are then demodulated withŜ [k]. Table 3 shows the measurement conditions. RF and baseband gains are set to 16 and 8 dB in order to make the received signal fit in the range of the A/D converters since no gain control function is implemented. The synchronization performance and the BER of the proposed scheme are evaluated in term of E s /N 0 where E s is the energy per sample while N 0 is the noise spectrum density. E s /N 0 is measured in the SORA receiver side by comparing the average power of the received signal samples with and without the transmit signal including the data signal. It is varied by changing the power of the transmit signal from the signal generator. For the measurement of the synchronization probability a pseudo noise sequence with the length of 127 is appended prior to the OFDM frame to give the reference synchronization timing point. In the measurements on the multipath fading channel models, the synchronization range is set to ±300ns to the reference, in which synchronization is assumed to be realized [12] . The ratio of transmission powers between the pilot subcarrier and the data subcarrier is varied in this measurement. The ratios are set to (1:1), (1:2), (1:4,6), (1:8), or (1:16). Numerical evaluation obtained through computer simulation has also been included in performance graphs as reference and those curves are indicated with dashed lines while the numerical results obtained through the experiments are presented with solid lines. In general, the synchronization probability with the experiments exceeds that with computer simulation in terms of the synchronization probability. The reason is that no residual interference component owing to the DC offset after the DC offset cancelation is assumed in the computer simulation. The same tendency has been observed in the experiment with the same equipment in [15] . Though it is particularly significant if the power of the noise is relatively large as compared to the peak output of the correlator because of the residual DC offset, the experiment results coincide with the simulation results in the high synchronization probability region in the following performance graphs.
Measurement Results
3.1 Synchronization Probability 3.1.1 IEEE802.11g Short Preamble Figures 10, 11 show the synchronization probability with the 11g short preamble on different channel models. From  Figs. 10, 11 , if the power of the pilot subcarrier is larger, the synchronization performance improves. This is because the output of the correlator increases with the larger power of the pilot symbols under the same E s /N 0 condition. In Fig. 10 , the synchronization performance with the power ratio of (Data:Pilot) = (1:8) is close to that with no data symbols when E s /N 0 is more than 8 dB on the Indoor Residential A channel model. When the Indoor Office-C channel model is selected, the synchronization performance is deteriorated and never exceeds 0.8 as shown in Fig. 11 . Since the Indoor Office-C channel model has a delay spread which is larger than the CP of the transmit signal, the degradation is caused by the ISI.
Zadoff-Chu Sequence
Figures 12, 13 show the synchronization probability with the Zadoff-Chu sequence on different channel models. From Figs. 12, 13, if the power of the pilot subcarrier grows, the synchronization performance improves. This is because the output of the correlator increases with the larger power of the pilot symbols under the same E s /N 0 condition. In Fig. 12 , the synchronization performance with the power ratio of (Data:Pilot) = (1:16) is close to that with no data symbols when E s /N 0 is more than 8 dB on the Indoor Residential A channel model. Comparing to the performance for the 11g short preamble, the synchronization performance for the Zadoff-Chu sequence shows about 2 dB degradation. This is because the pilot subcarriers of the Zadoff-Chu sequence has the less amount of the power due to the smaller number of the pilot subcarriers under the same E s /N 0 condition than that of the 11g short preamble. 15 show the BER performance vs. E s /N 0 . E b /N 0 can be calculated from E s /N 0 , the numbers of the pilot and data subcarreirs, and the power ratio between the pilot and data subcarriers. E s can be converted to the bit energy E b as follows. (15) where N p is the number of the pilot subcarriers, N d is the number of the data subcarriers, and P p or P d is the power of the pilot symbol or data symbol, respectively. In those figures, "Theory" indicates the theoretical curve of the BER on the Rayleigh fading channel. In Figs. 14, 15, the power ratio of (P d : P p ) = (1 : 4.6) achieves the best performance on the multipath channel model. The reason is that the channel estimation error increases more on the multipath fading channel and the larger power on the pilot subcarriers is required. If the power ratio increases and the pilot subcarriers occupy a larger part of the transmission power, the bit energy reduces as given in Eq. (15) . If the power ratio decreases and the pilot subcarriers consume less transmission power, the channel estimation error increases. Thus, there is a tradeoff between the powers of the pilot subcarriers and the data subcarriers. From Fig. 14 , the BER performance of the power ratio of (P d : P p ) = (1 : 4.6) shows about 4 dB degradation as compared to the theoretical curve on the Indoor Residential A channel model. This is because the theoretical curve does not assume the pilot symbols and the power of the data symbols in the theoretical curve is higher with the same E s /N 0 condition. The channel estimation error also increases the BER. In Fig. 15 , the BER performance shows the severe degradation as compared to the theoretical curve on the Indoor Office C channel model. This is because of the low synchronization probability as shown in Figs. 11 and 13.
Figures 16, 17 show the BER performance vs. E s /N 0 . In Figs. 16, 17, the power ratio of (P d : P p ) = (1 : 4.6) or (1 : 8) realizes the best BERs on the multipath channel models. This is because the interval between the pilot subcarriers is larger in the Zadoff-Chu sequence based preamble. From Fig. 16 , the BER performance of the power ratio of (P d : P p ) = (1 : 4.6) or (1 : 8) has about 4 dB degradation as compared to the theoretical curve on the Indoor Residential A channel model. While the synchronization probability of the the Zadoff-Chu sequence based preamble is worse than that with the 11g short preamble because of the smaller because of the smaller power assignment to the pilot subcarriers, bit energy is about 1.1 dB larger for the same E s /N 0 and the same power ratio. Since the BER evaluation includes the errors due to the timing synchronization loss, the BER curves with the 11g preamble and the the Zadoff-Chu sequence based preamble shows almost the same performance when the power ratio is (1 : 4.6).
Conclusions
In this paper, the new frame format with OFDM modulation in which data symbols are orthogonally multiplexed with the preamble symbols in the frequency domain is proposed. Two preamble sequences that are based on the IEEE802.11g short preamble sequence and the Zadoff-Chu sequence are employed. The frequency spectrum of the 11g short preamble has a margin at the channel edge to the spectrum mask specified in the IEEE802.11g standard. On the other hand, the frequency spectrum of the Zadoff-Chu sequence based preamble spans over the whole spectrum mask and it can carry 6/5 times more data symbols. The probability of timing synchronization has been evaluated on different channel models through the experiments. It has been shown through the experiments that there is about 3 or 4 dB deterioration in timing synchronization performance with the proposed preambles as compared to the conventional preamble sequences without data symbol multiplexing. However, the synchronization performance of the proposed scheme shows almost the same synchronization probability as the conventional scheme at E s /N 0 of more than 8 dB on multipath channel models.
Furthermore, the transmit signal with various power ratios between data and pilot symbols has been evaluated. It has been shown through the experiments that the best BERs are realized with the power ratios of (P d : P p ) = (1 : 4.6) for the 11g short preamble sequence and (P d : P p ) = (1 : 4.6) or (1 : 8) for the Zadoff-Chu sequence. This difference comes from the intervals between the pilot subcarriers.
It has also been shown that the synchronization performance of the proposed frame formats suffers from the paths with the large delays on the Indoor Office C channel model. It is required to combine other countermeasures in the physical layer as well as in the protocol layer.
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